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ABSTRACT

As the lead-off presentation for the topic of nonlinear waves and their evolution, wc will illustrate

some promincnl cxampltx  of waves in space  plasmas. We will dcscribc rcccnt observations

detectccl within planetary foreshocks, near comets and in interplanetary space. It is believed that

the non]incar LF plasma wave fcatums  discussed hem arc part of and may bc basic to the

dcvelopmcmt  of plasma turbulence. In this sense., this is one area of space plasma physics that is

fundamental, with applications to fusion physics and astrophysics as WC1l. It is hoped that the

reader(s) will be stimulamd  to study nonlinear wave dl’.vclopmcnt  thcmsclvcs, if he/she is not

already involvcxi.



INTRODUCTION

(he of the most fundamental topics  in space plasma physics is the nature of nonlinear waves and

their evo]ulion  10 partia] and i’Ll]] turbulence. Because of the large scale si~.cs of waves in space,

multipoinl measurements con be made within a single wavelength, as the waves get convected

past/propagate past the spacecraft. Of the various wave phenomena in space plasmas, the cometary

case is unique because there is o well-defined narrow-band “pump” frequency which is essentially

at the 10cal  ion cyc]otl”on  frequency in the instrument (spacecraft) rest frame of ~CfC~CnCe.  At

frequencies higher than the “pump”, the wave power falls-off with frequency dependcnces

between f-5/~ to f-25, in(iicative  of spectra devclopin:  towards, or reaching Kolmogorov  or

Kraichnan turbulence.

Detailed investigation of waves at higher and lower frequencies than the pump frcc]ucncy can be

used to identify “daughter” and “granddaughter” waves, and thus determine (1IC specific

mechanism for the formation of plasma turbulence. Various mechanisms such as wave-wave

modulational instabilities, decay instabilities, four-wave processes, wave-particle interactions,

dispersion and damping all can affect and be part of this turbulent spectrum (see Chcn,  1990). To

begin the review, wc will first discuss the plasma instabilities that arc involved at comets and

planetary foreshocks. Because cometary ions initially have almost zero velocity in the spacecraft

frame, ion cyclotron waves are detected at the local cyclotron frequency, making this case more

tractable (although them is a finite  freclucncy  width associated with [he resonance, and cyclotron

harmonics may also be present, these effects are small in comparison with [he broad wave

spectrum found at comets). The same basic wave instabilities/modes arc observed in planetary

fm.cshocks,  regions where back streaming solar wind io~l beams can generate I,F electromagnetic

waves. In this latter case the beam is not necessarily monoenergctic, and therefore the waves arc

not generated at a single narrow frequency band (the punlp  is quite broad). Because the spacecraft

is not in the same rcfcrencc frame, there are also strong 1 lopplcr shifts which vary with solar wind

speed variations. On the other hand, foreshock regions have been crossed hundreds of times by

spacecraft, allowing large statistical studies of nonlinear wave/turbulence development. In [his

paper wc will also examine data for passes which occur  well downstream of the Earth. The reason

why this is of particular interest is that waves in this region have had greater time to evolve in a

temporal sense, allowing greater possibility of wave-wave interactions to occur. This will be the

second  topical area addressed in this review. ‘l’he thild and final topic will be observations of

interplanetary ]l~]llinci~r  AlfvEn waves, ilnd possible wave phase-stccpcning, perhaps an initial

stage in the development of hcliospheric  turbulence.
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RESUI.TS

The fundamental plasma instability leading to the dcvcloprnent  of LF plasma waves discussed in

this paper is illustrated in Figure 1, shown for the comctm y case. As 0. COIllet LlpfJ1’OWhCS  the SU1l,

beating of the nuclear surface leads to sublimation of its volatile atoms an(i molcculcs  (-N)% HL()

molcculcs). These particles attain velocities of -1 km s-l ciimc[d  radially outward from tlw

nucleus. At 1 All, the time scale for photoionization  and charge exchange (with solar wind

protons) to take place is -1 (16 s. ‘1’bus, the atoms ond ]nolecules typically propagate -106 km

before being ionized.

Once ionized, the ions form a narrow beam relative to the fast flowin:  solar wind plasma (typical

radial 11OW speeds arc -40[1 km S-l) and its embedded ma~netic field. If the interplanetary

magnetic field (IMF) is parallel to the solar wind velocity vector (top panel of Figure 1), the freshly

created ions will be a beam in the plas]ma rest frame prol)agating  at a velocity –VSW (i.e., in the

direction towards the sun). If, on the other  hand, the IMF is orthogonal to the solar wind ilow

direction as for the case illustrated in the bottom panel of the Figure, the ~ x ~ Lorentz  force will

cause the pickup of the ions, forming a narrow ring with velocity VsW relative to the solar wind,

and a convected velocity Vsw past the spacccratl. For intermediate field angles, a narrow ring-

bcam distribution is formed.

All of the above three ion distributions (assuming, a sufficiently large beam density) arc unstable to

resonant wave growth. Discussions of the instabilities can be found in Wu and Davidson (1972),

Thornc an(i Tsurutnni (1987), Brinca  ( 1991), Gary (1 99]) and Robcrls and Goldstein (1991).

Thornc and Tsurutani (1987) have pictorially illustrated the cyclotron resonance conditions. Wc

have adapted these schematics and present them here in I~igurc  2.

The uppermost panel of Figure 2 represents the case for the upper panel of Figure 1. In the plasma

frame, the ion beam is propagating at a speed Vsw towards the sun. The rnagnetosonic  mode

phase speed for typical solar wind conditions at 1 AU is -70 km s-l or - 1/S Vsw. Because the left-

hand ions are overtaking the right-hand waves, they sense the waves as left-handed. This is called

an anomalous Doppler shift. A cyclotron resonance can occur when the resonance condition (top

of Figure  2) is met.

The second panel of Figure 2, illustrates the ordinary cyclotron resonant interaction. This

comesponds  closely to the lower panel of Figure 1. For a predominantly orthogonal pitch angle

distribution (-90”), but with some parallel velocity component, Vll > VI)~l,  the ion (parallel to the
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field) motion causes IIN wovc m Doppler-shift up to the ion cyclotron l’rcqucncy.  Left-hand waves

arc gcncratcd  by this ins[abili(y. The waves propagate ill the opposi[c  direc[ion to the partiulcs.

This instability is basically the same as the magnctospllcric loss cone instability (Kennel and

Pctscbck, 1966). It s11oLII(I Ix noted, bowcvcr,  that for an exactly 90<’ pitch angle distribution, the

plasma distribution is stable. This is tbc situation for post-storm magnctosphcric ring current

particles, wbcrc all particles cxccpt  tbosc at -900 are strongly pitch angle scattered towards the loss

cone.

Energetic clcctron beams or rings can also generate LF waves, but with the opposite polariz,aticm os

that for ions. Because the Doppler  shift of waves must bc much larger than that for ions to match

the gyrofrccluency  of the electrons, the kinc[ic energies for rcsonancc am typically in the -MeV

range (compared to 1-10 kcV for the ions). The electron resonance examples are shown in the

bottom two panels of Figure 2.

Figure  3 illustrates the particles and waves within a planetary foreshock. in this example, the IMF

makes an angle of -45” relative to the sun-planet line, the Parker spiral angle for the Earth’s case at

1 AU. The field lines are tangent to the (perpendicular) shock at -02 1.,T and normal m the (c]uasi

parallel) shock at -10 LT.

Particles reflccte(i from the shock, escaping from the magnctoshcath,  or leaked from the

magnetosphere, will travel up the magnetic field lines in a direction towards the Sun, but will be

convected in the antisunward  clirection by the solar wind. Because the electrons have higher

velocities than the ions for the same energies, their foreshock boundary is further sunwarci than the

ion foreshock (Tsurutani  and Rodrigum, 1981).

The ions (and electrons) are subject to the same instabilities as those at comets, cyclotron resonant

ring-beam instabilities. 2’lw only difference is the species of the ions (protons, for bow shock-

l“eflccted and magnclosheath  partic]es,  energetic protons coming from the Earth’s magnetosphere,

and S+, S++ and 0+, for Jovian magnetospheric  particles). For foreshock cases, there is a

spectrum of streaming velocities of the ions, and thus the wave generation is expcctcd  to occur at a

variety of frequencies. Because the ions and electrons ha~rc high velocities relative to the spacecraft

frame, there will be strong Dc)ppler shifts and the waves will not bc mcasurccl  at the particle

cyclotron frequencies.
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Jovian Foreshock

Ever since the Pioneer and Voyager spacecraft have encountmwl  k lovian  foreshock, there has

been a controversy about the particle species generating the upstream waves. Since relativistic

magnctosphcuic  c]cctrons ond cmcrgetic  ions anti reflcctcd solar wind protons arc all present in the

upstream  region, it is difficult to distinguish between instabilities due to these various particles.

Smith et al. (1 976) made the first measurements and speculated that the large amplitude, nonlinear,

20 min waves (SCC Figure 4), were generated by relativistic -McV electrons. Later, Voyager

results (Smith et al., 1983,  1984; Goldstein et al., 1983; 1985; 1986; Smith and Lee, 1986) led to

a variety of opinions, depending on the particular data set and emphases of the authors. So far, the

above authors have made arguments for all of the above particle possibilities. Keys to the

arguments have been the measured handedness of the waves in the spacecraft frarnc. The wave

polarizations in the plasma frame were inferred from the spacecraft mcasurcmcnts. However, it

should bc noted that there have been no measurements made to date that have uniquely determined

the polarization in the plasma frame. All single  point tliaxia]  magnetometer measurements only

determine the polarization in dle spacecraft frame. The plasma frame polarization must be deduced.

Referring back to Figure 2, if the waves were detected us left-hand polarized in the spacecraft

frame, that could correspond to the top panel of the Figure. The risht-hand  waves would bc

propagating toward the sun, but because their phase velocities are less than the solar wind speed,

they could bc anomalously Doppler shifted to appear left-hand polarized in the spacecraft frame. In

this case, the right-hand polalized  waves would have been generated by an ion beam propagating

toward the sun. Conversely, if the waves are detected as right-hand polarized in the spacecraft

frame, that would correspond to the third panel of Figure 4, left-hand polarized waves that are

generated by (relativistic) electron beams propagating towards the sun. The second from the top

and the bottom panels are not applicable to the foreshock case, bccausc these correspond to large

initial particle pitch angles. By definition such particles would have small parallel velocity

components, and therefore cannot propagate Par into the ul)strcam reg,ion.

Sornc recent rcsu]ts of wave observations in the Jovian foreshock (-l’surutani et al., 1993) arc

shown in Figure 5. ‘1’he Jovian foreshock waves are displayed in the Sk] coordinate system. In
. ,.

this system, il is along the spacecraft-sun line, ~ is in the Q x i direction, where Q is the sun’s

rotation (north) pole, and 2 completes a light-hand system. I’here are several significant features

shown in the Figure. Tbc waves are large amplitude, with the peak-to-peak transverse components

as large as Afi/l Bl - 1 and a comprcssional  component Al131/lBl  --0.5. Solid horizontal bars in the

IFII panel indicate intervals where minimum variance analyses (Sonncrup  and Cahill, 1967; Smith

and Tsurutani, 1976) have been performed. The, angle that k subtends relative to 3 is indicated
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between the third ancl fourth panels. The labels  “1.” an(i “R” cormspon(i  to spacecraft frame ]cft-

hand and right-ban(i  polaliz.ations,  respectively.

The interesting feature of the waves in Figure 5 is that there is a mix of both (spacccrall  frame)

right- and left-hand polarizations witilin the same wave train. The risht-hanci  waves occur when

13x is relatively small, an(i the left-han(ic(i waves when llX is large. l’bus, tilis is consistent with

the right-hand (spacecraft frame) wave cases occurring during intervals when the waves are

propagating orthogonal to the solar winci  direction and have small Iloj)plcr shifts. The left-hand

waves can be right-hand in tile plasma frame propagating towards the sun (when Bx is large)

which have been anomalously Doppler-shifted by the solar wind. Tiw high frequency wave packet

detected at 1705 UT supports this hypothesis. The polarization is left-bancicd. Since wc arc fairly

certain that this is a whistler packet, this corresponds to anomalously Dopp]er  shifted whisdcr

mode waves. IL has IJccn conc]uclcd (Tsurutani et al., 1 993) that all of these waves within the

entire interval of the figure coulci  bc intm-pctcd  as being right-hanci polalized  in the plasma frame.

Diffel”cnt possible ion species were considered as the source of free energy. The energies for

cyclotron rcsonancc  were calculated based on the wave properties and the assumption of generation

by a sunward propagating iol~ beam. It was foun(i that energetic magnctospheric  ilcavy ion beams

(S+, S++, etc.) could not be the source of the waves. The parallel velocity needed for resonance is

too low for the particles to propagate into the upstream region. The calculattxi parallel velocities are

lower than the measured solar winci speeds and thus suci] particles would be convcctcd

downstream. Heavy neutral particles (of magrmtospheric origin) ionized in the upstream region arc

a possible source, but the ambient neutral densities would have to be very large to create a beam

density that would go unstable. This is because the ionization time scale is very low due to the low

solar UV raciiation and solar wind ion densities at such large hcliospimric  (iistances from the sun

(for photoioniz,ation  and charge  exchange processes, respectively). ‘Ibis possibility can thus be

eliminated. The last possibility is low energy protons. Substituting numbers into the resonance

condition, Tsurutani  et al. (1993) foun(i that the resonant (mergy in the spacecraft frame is -2 keV.

This is essentially the energy for rcficctcd  solar wind protons. C)thcr intervals of Jovian foreshock

data arc presently being analyzed  to sce if all previously reported foreshock waves are consistent

with this scenario, or if different ion and/or electron beams must be present at some times to be

able to explain all of the observations.

The magnctosonic waves plus their attached whistler wave trains l)avc interesting nonlinear

features. Tile whistler packet amplitude decreases with distance upstream of the magnctosonic

wave (Figure 5) [because the wave is propagating towar(is the sun while being blown back by the
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solar wind, the “llps(l”canl”  Cnd of the Wave, C.g., edge along  the (iircclion  of propagation is

detectmi  last intin~ci  nthcFigures].  Beca~lsc  tl~isal~lplitlldc  fall-off  islitlear  an(inc)t ~xponc~ltial,

it is bclicvccl that Ibis fca(urc cannot bc caused by Landau damping. I)ispcrsion of the whist]cr

rnodc components of the magnctosonic  wave is a mom likely possibility. The whistler and the

trailing part of the magnctosonic wave are analyzed  separately using the minimum variance

method. The results arc shown in Figures  6 a and b, respcctivc]y. B 1, 132 and B~ correspond to

the field components in the maximum, intermediate and minimum variance dirccticms and Al, L2

and 1~, the corresponding cigcn values. In pane] 6a, wc find that Lhc whistler packet has a

maximum peak-to-peak amplitucic of -1 .() nT in a -0.5 nT field, or a lAIfil/1131  value -2.0. The

wave has circular polarization  and is plane polarized (k~/k~ = 28.()). It is propagating at a large

(-30”) angle relative to the upstream ambient magnetic field. The trailing portion of the wave is

shown in panel 6b. Ijor the two minute  interval (1702-1704 UT) of this part of the rnagnetosonic

wave, the wave is cssential]y  linearly polarized (ignoring the higher frequency superposed

oscillations). The interval begins tit “B” and ends at “E”. Thus, the nonlinear cyclotron wave has

evolved into a wave led by a high frequency whistler packt:t followed by a nearly linearly polarized

structure. The nonlinear “wave” contains both high frequency circular polariT,ation plus low

frequency linear polarization as well. Wc will say mom about  these features when discussing

cometary waves.

Returning to Figure 5, one other noteworthy feature is the large al~glcs of wave propagation

relative to ~. Most cometary intervals analyzed have wave ~ directions at angles greater than 45°.

This is even larger than waves in (I1c Ear[h’s  foreshock, where typical values arc - 1()” -15° (Hoppc

ct al. 1981). These large angles  have not been explained theorc[ica]ly.  Kojima et al. (1989),

Kojima (1990) and Karamabadi  et al. (1994) have been able to produce off-axis wave propagation

at small angles (< 30”) by assuming a dominance of the ion perpendicular energy (within the

distribution function) and also damping of parallel wave modes. However, even larger wave

angles, typical of these waves at Jupiter, cannot easily be explained by the above mechanism.

The off-axis propagation feature of magnemsonic  waves in foreshocks and at comets is crucial to

much of what will bc discussed here in this paper. This ob]iquc  propagation allows strong wave

stccpcning, nonlinear wave deformation, and as we will sce later, the starl of possible “turbulent

cascades”. This is a point that wc will return to later.
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comets

An overview of the magnetic i~cld  associated with dm solar wind interaction with comet Giacobini
Zinncr is shown in Figure 7. The coodinatc  syslcm  is CiSE where i is towards the sun, j is in

the ; x i direction where h is in the nor[h ecliptic pole direction, and ~ colmplctcs the right-hand

systcm.  “1’hc C1OSCSL approach to the nucleus occurs at (-1100 UT). ‘J’hc bow wave/shock inbound

and outbound crossings occur at -0930 UT and .-1215 UT and arc at a - f 105 km distance from

~hc rmclcus.  The field has been displayed in polal angle cimrclinatcs so the “cometary turbulcncc”

is readily apparent. Note that the fluctuations in & (latitude angle) an(i @ (azimuth) arc large and arc

not infiucnccci  by the bow shocidwavc on either the inbound or outbound pass [there is some

decl<casc  in the fluctuations lwar the outbound pass, but this has been ascribed as being  due to a

directional change in the IMF near that time (Tsurutani  atld Smith, 1986). A change in this angle

will result in a change in the pitch angle of tile  pickup ion t)cam an(i thus a change in growth rate of

the resonant waves]. in this Figuw, the waves foLInd al distances up to i-2 x 105 km from the

JILICICUS  arc due to the free energy associated witil heavy cometary ion pickup (H&, OH+, O+).

TCI date, no major fraction ol’ tile waves foun(i al any of the comets explored (Grigg-Skjel]erup

[Glassmcier  and Ncubaucr, i993;  Ncubaucr et al. 1993a], Halley [Glassmcier et al., 1989] and

Giacobini-Z.inner [q’surutani, 1991 ]) has been found to bc associamci  with bow shock/wave

reflected ions. It is possible that duc to Ihe prescncc of such strong  turbulence gcncratcd  by the

pickup ion instabilities, such ions woLIld  bc rapi(ily scattcrcci before propagating very far from the

shock. Another factor is that cometary bow shocks are cluite weak (Smith et a], 1986; Ncubaucr,

et al., 1986;  1993 b). Duc to the solar wind mass loading, the shocks have h4ach  numbers of only

-2.0 (Schmidt and Wegmann, 1991). Thus, particle reflection from such subcritical shocks would

bc expected to bc quite weak or nonexistent.

“rhc turbu]encc  at comet GZ witil measurable wave amplitudes cxtcndc(i  to 7 x 10f km (Tsurutani

ct al., 1987). At Halley, where the bowsbock was located at 1.1 x 106 km from the nucleus, the

turbukncc  was cictcctcd at distances up to 3 x”106 km (Glassmeicr ct al, 1987) and for GS (which

had the weakest neutral production rate and a bow shock location of 104 km), a distance of 2 x 104

km from the nuc]cus (Glassmcier  an(i Neubauer,  1993).

our paradigm of GZ wave dcvclopmcnt as a function of time (and also distance from GZ) is

shown in schematic form in Figure 8. ‘l’he figure illustrates the various wave features that were

dctectcd  as the ICE spacecraft went through the turbulence from below to above. The solar win{i

comes from the left. Tile temporal evolution of the waves can bc noted as ICE gc(s closer and

closer to the comet nucleLls.  The reasoning is as follows: imagine a spherical shell of cmbyronic
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sinusoidal waves first formed al -106 km from tlw nucleus. The idea is these embryonic waves

would bc sinusoidal and have small amplitudes when first formed. As the waves sunward of the

comet get convcctcd  by the solar wind towards the nucleus, the continuous formation of cometary

ions sunward of the comci gives additional free energy for continual alnp]itudc  growth. Thus the

amplitu(ics  will incrcasc into the nonlinear range where phase-stccpcning  (Cohen and Kulsrud,

1974; Tsurutani cl al., 1987) will occur. This is illustratcci  in the next-to-botlom sketch. As the

waves get cirivcn har(icr or evolve further, they form wbistlcr packets, shown in the tbirci  from the

bottom  pane]. The mechanism for this packet g,cncration  will bc ciiscussc(i later. Finally, very

C1OSC to the bow shock, as the train of magnctosonic waves plus whistler packets expand further,

they will run into their neighbor waves. At this point in time, some very interesting physical

proccsscs  may occur. Wave-wave interactions such as tbc modulational  or (iccay instabilities could

lead to the creation of daughter or granddaughter waves, forn~in8 a fully turbulent plasma,

However, wc will SI1OW later that the waves aroun(i comet GZ an(i GS occupied too small of a

spatial region to (icvclop  into a fully turbu]cnt  state (they quickly get convcctcd  into the

downstream region). OJI the other han(i,  tbc comet Halley turbulence rcgicm was far larger (due to

a much higher comet neutral gas production rate), and the measured 1 lallcy turbulence dots not

have WCII dcfinc(i  wave structures such as those at GS or GZ (Glassmcicr  ct al., 1989). Wc arc

presently examining Jlallcy 10 (ictcrminc if such second or third generation waves arc present or

not.

The power spectra of the transverse magnetic field cmnponcnts of three comets arc shown in

Figure 9. ‘1’hc wave interval for each comet was sclcctc(i  just upstream of its bow shocldwavc, so

that the (icvclopmcnt  of “turhulcncc” could bc comparc(i for similar scales. The power spectra of

the two transverse components were averaged. From thr Figure, first note that the power spectra

at each comet is strongly peaked at -10-2 Hz, the water group ion cyclotron frequency. This is the

“pump” wave for the casca(ic systcm. At frequencies higher than the pump, the power spectral

fall-off has a f-l.9 ticpcn(icncc  for GZ, f-2.1 for 1 lallcy and f-] 9 at GS. The power law spectra

have s~lggcstcd  the possible dcve]opmcnt  towards Kolmogorov  or Kraichnan  turbulence via wavc-

wavc interactions (Tsurutani  and Smith, 1986a; Acuna, 1987; GIassmcict’  ct al., 1987). We will

later show that this picture is perhaps too simplistic.

Figure 10 illustrates the GZ waves as they first begin to develop. This example is taken at a

(iistaqcc  of 4.5 x 10f km from the nucleus. Waves at further  distances am i{icntifiablc as cometary

in nature, but have amplitudes too small for accurate minimum variance analyses. At this stage in

their dcvclopmcnt, the wave magnitu(ics  appear to have ptwfilcs  similar to ocean waves: slow,

gradual buildups in amplitude (from 0352:45  to 0353:45  and 0353:S0  to 0355:10 UT) and abrupt
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decreases at the “leading t.xigcs”  which trail in time, (0353:50  an(i 0355:10 UT). It shoul(i be noted

that the cxpcctcd  small amplitu(ic  sinusoidal waves were Ilot obs~’rvcd tit larger distances from the

comet. All waves (ictcctccl  were smncwha[  stecpcneci.  ‘l’his observation may be due to the large

solar wind background fluctuations covering up the smal] ampli(udc  waves, or that wave

steepening proccccls quite rapidly, even tit moderate wa~’c arnplitucics.  At this time, the correct

picture is not clear. Embryonic sinusoidal waves were not found at comet Flallcy as well.

‘rhc polarizations of the two wave “brcakings”  are shown in minimum voriancc  coordinates in

Figures 11 and 12. The leading portions correspond to planar waves with circular polarix,ation. In

both cases, the wave is left-hand polarized in the spacecraft frame, consistent with a right-hand

wave that has been anomalously Doppler shiilcd to lel”t-hand  polarization by the solar wind

convective flow. The waves are propagating at substantial angles relative to he ambient field, 29°

and 40”, rcspcctivcly.

As waves develop further, wc have the situation shown in Figures 13 and 14. This example

takes place at a distance of -2.5 x 105 km from the nucleus. This wave corresponds closely to the

next to bottom schematic of Figure 8. In Figure 13, the trailing part of the rnagnetosonic  wave

(from 718:20 to 719:09, or from tbc beginning of the interval to point 1), is linearly polarized.

This is indicated by the lack of phase rotation from points B to 1 in l;igurc 14, and is due to a

purely  compressive component of Ils (and 1131) [see Figule 13]. Note that this polarization is not

the typical transverse linear po]ariz,ation  that one ordinarily encounters. In this case, the

polarization is due to a purely compressive component (wave-particle interaction will not result in

pitch angle scattering, but particle ]nirroring).

Almost all of the 360” phase rottition of the wave occurs at the leading edge, between points 1 and

4 in the two Figures. In fact, there is -270’” of phase rotation from point 2 to 3, within 2 to 3s of

the 100s wave. In terms of wave power , sLlch as the power spectra shown in Figure 9, this

represents some of the high frequency power in the “cascade” part of the spectrum. The wave is

planar and left-hand circularly polariz.cd  in the spacecraft f] amt.

Figure 15, is a example of a wave at 1.6 x 1 of km from the nucleus of GZ. The wave not only has

developed into a nonlinear wave with a strm~g  (AI13 l/lEII  - 1.0) compressive factor (from 6.5 nT to

almost 13.0 nq’), and a region c)f sharp phase rotation (- point 4), but some small amplitude

upstream whistlers arc present as WC]].
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Even closer [o the comet nucleus, wc find a fully dcvclopcd  train of nonlinear waves  plus their

whistlc~  packet precursors. ‘1’his is shown in Figure 16. This event occurs  at a distance of -105

km from the nucleus. Schcmatiually,  this corresponds to the third from the bottom panel of Figure

8. in the interval from W15 to 0920,  there are two ma~:netic  magnitu(ic  peaks pcl< -100s wave

cycle, evidence of wave evolution that is not only detected in the wave data, but in simulations as

well (Omidi and Winslw, 1990). WC will return to this topic shortly.

Figures 17 and 1 S show a high frequency whistler packet in high resolution. The waves have -3s

periods, arc left-hand circularly polarized in the plasma frame, and occur  at the leading edge of a

magnctosonic wave (not shown). The packet amplitude decreases linearly with distance from the

magnctosonic wave, shown in the B I panel, g’his  feat urt, is similar to the Jovian foreshock wave

illustrated earlier. The packet occurs in the spfitial region near the upstream compressive ramp and

serves to dccrcasc lhc ficlcl magnitude from a peak value near -14 nT, down to an upstream field

value of -10 nT. ‘1’hc B] - B~ hodogram  in Fig,urc 18 shows this rotation (top panel). The other

two holograms inclicatc  that the packet  is plane-polwizccl.

Figures 19 and 20 illwstrale an example of furdler nonlinear dcvclopmcnt of magnctosonic  waves.

This example was taken at o distal]ce  of -1.6 x 105 km from the nucleus. At 0827 UT there is a

decrease in 1131,  leaving local peaks in R magnitude on t’ithcr side. It appears as if the wave is

splitting into two parts. Computer simulations have shown rcmarkabl  y similar features (Figure 21,

taken from Omidi  and W inske, 1990). In the Onlidi and Winske simulations they note that not

only is wave-splitting occurring, but the leading half of the wave is traveling slightly faster than the

average speed  and the trailing portion slightly slowe,r than the average, so the wave length is

increasing with time. If these waves arc part of a multicycle wave train, then neighboring waves

will eventually collide and perhaps interact, giving the 4th from bottom (and top) case of Figure  8.

]ntcnsc wave-wave interactions may occur at this stage, with the start of the formation of a

turbulent cascade.

A curious feature of this particular example is shown in Figure 20. In the mgicm of wave splitting,

from points 1 to 3 of Figure 19, there is a full 360” phase rotation of the magnetic field. The sense

of rotation is right-hancl polarized in the spacecraft frame. This can therefore be due to a right-hand

wave in the plasma frame flowing in the downstream (solar wincl) direction or a left-hand wave

propagating in the sunward direction, but being anomalously Doppler-shifted by the solar wind

convection flow. We cannot tell which of the two possibilities is the correct one. However if the

former one is correct, this wave may be a daughter wave from a decay instability (Tsurutani  et al.,

1990). The wave has an -8s period.
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From point 3 to dm cnd of the interval, (]827:2[)  U1’, there is a sharp wave phase rotation. It is

left-hand circularly polarized in the spacecraft  frame consistent with a uight-hand  polarized

(whistler mode) wave in the plasma frame. The peak-to-peak amplitude is -13 nT in a 8 nT iicld

magnitude.

Deep Foreshock Waves

A schematic of the waves in the Earth’s foreshock was shown in Figure 3. Whut  wc wish to

examine arc waves in the region of the foreshock where wave-wave collisions may have taken

place. This cm-responds to the region on the far lower right  of the Figure,  the downstream region.

The time that it takes to convect  from the upper right part of the foreshock to the downstream

region  is longer  than either the development time of waves detected at CJZ or GS (in terms of ion

cyclotron periods), and thus this is a good region of space  to search for the prcscncc of daughter

and granddaughter waves. On IIN other hand, wc should note that there is not a continual free

energy source present, as for the cometary case. Thus, wave damping by cyclotron and Landau

effects may overcome nonlinear effects and it is therefore. possible tha~ sL]ch three-wave processes

may not occur in the foreshock. This will be the first attempt to examine the Earth’s foreshock for

this possible phenomena. Figures 22 a,b,c show the IS} W-3 lunar encounters and the deep tail

passes (Farquhar et al., 1986;  Tsurutani et al., 1986).  ‘l’hey also show 5 passes where ISEE-3

was in the foreshock of the Earth, but well downstream of the planet. II is these regions that are of

prime interest to us here.

Onc example of turbulence-like magnetic iicld structure is given in I:igure 23 in GSE coordinates.

The fields are far more irregular than found in the upstrea~n  foreshock case (see examples in Hoppc

et al., 1981). There arc no well-defined whistler packets or clearly periodic waves present.

The results of a coherency analysis is given in Figure 24. The cohcrcncc between B I and B2 is

typically 0.6 to ().8 at frequencies between 3X1 0-2 to 5 x 10-2 Flz,, and a phase lag of -90°. At

frequencies from 1()-1 Hz to 7 x 1()-1 Elz., the coherency between B 1 and 132 is 0.9 and the phase

- –90”. At the highest frequencies, >10 Hz,, the coherency is -0.9 with zero phase  lag. The first

two intervals arc consistent with left-banci  circularly polarized  waves.

In this interval wc have also found mixed polarizations. An example is shown in Figure 25.

Within the interval 0113:29 m 0113:57 UT, them arc two -360[” phase rotations which seemingly

have the opposite sense (top panel). E3ach wave has been analyzed separately (bottom two panels).
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We find that they clearly have the opposite sense  of polarity in the spacecraft frame. ‘1’hc one cm
the left has right-hand polarity ond the onc on the light,  lt’ft-hand  polarity. In each case, OB~, the

angle between the wave k vcclor  and the x-axis (or the approximate solar wind ilow direction), is

small. Thcrcforc  there is little chance that this is duc to a simple shift in the IMF orientation from a

direction -parallel to -perpendicular (or vice versa) to Vsv. on the other hand, onc cannot rule out

the possibility that the two waves have the same plasma frame polarity, onc propagating towards

the sun and the other away. Further research is nccdcd to ] CSOIVC this problcm.

From the time intervals given in Figure 25, the wave periods are - 10s an(i -7s rcspcctivel  y. Thus,

the wave power would ldll into the second frequency interval discussed pwviously.  I’hcrefmc, the

total amount of right-hand wave power present in the intvrval  analy~.ed  must bc small or else the

coherency anal yses would have indicated a linear polalizati on.

lntcrplanctary  Discontinuitics  ancl Alfvin W a v e s

The plasma and fie]d properties that can be used lo distinguish four different types of

discontinuities arc listed in Table 1. The mass llUX pro~)erties across  the discontinuity surface,

pV1l, where p is density and VI, is the velocity normal t{) the discontinuity surface, are listed  in

column 2. The change in tlw tangential compotlcnt  of magnetic field 1 It, across the surface, and

the normal component of the field, HI1, arc listed in column 3. Of dw 4 types of discontinuitics

potentially present in a hot plasma, contact discontinuities  have not been reported in the solar wind,

and arc in many ways scientifically uninteresting. Shocks are present and have received

considerable attention in the literature. However because shocks arc typically associated with high

velocity stream structures, either impulsive coronal mass ejection events from the sun or steady

high velocity flows from corona] holes, they are typically observed only once per week or so at 1

AU. Directional discontinuities,  tangential and rotational, occur much more frequently, perhaps

one or two pcr hour (Tsumtani  ancl Smith, 1979;  Lepping  and Bchannon,  1986).

An ideal tangential discontinuity has no mass tlow and no field component normal to its surface.

There can be a significant change in the tangential field component crossing the discontinuity

surface, however. A rotational discontinuity can bc thoug,ht  of as a sharply kinked Alfv6n  wave.

A rokltional  discontinuity dots have substantial mass flow across its surface, has a field compcment

normal to its surfttce,  and for isotropic plasmas, has a constant (angcntia]  field component

magnitude.
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A schematic illustrating these two types of discontinuitics is illustrated in F’igurc  26. As can bc

seen, a tangential discontinuity can have totally different fields on either sicie of its surfiacc.  I’hc

magnitude and direction call  be quite (iiffcrent. There is no field pcnclration of its sur~dcc,

however. The total pltisma plus magnetic pressure should bc conscrvtxi  across its bounciary,

[B2/47r  + nkT] = O.

The above descriptions am for idealized rotational and tangential cliscontinuities.  of course, real

plasmas are not ncmssarily  isotropic. And real discontinuitics  may have properties of both

tangential and rotational discontinuities  (Lal~dau  and Lifschitz, 1960), IIowcver even with these

caveats, very fcw discontinuilies have been found witi]  ideal properties (within limits of the

measurements). As an example, out of thousands of discontinuities  cxamirwd,  a (tangcmtial)

discontinuity with no normal component (at levels within the magnetometer sensor  noise) has not

been found. All have some significant normal component above measurement el~ors.  The sarnc is

true for rotational (iiscontinuities. Only a few have been found for which field magnitude is

conserved (within measurement error).

Figure 27 is an example of a rota~ional discontinuity that almost fits the idealize(i  model. The

“thickness” is about 15s, correspon(iing  to a scale of -600” km. 3’llc rotation in minimum variance

coordinates is shown in Figure 28. The normal componcmt,  13~, is non~.ero,  but only slightly so.

This is about as ideal an example as has been found by tlie authors an(i should be thought of as a

relatively rare caw.

A method of computerizing the selection of discontinuitics  using 1 min average IMF data was first

devised by Tsurutani  and Smith (1979). The criteria are A ~ /111 20.5 an(i A~ >28 where ~ is the

variance on either side of the discontinuity. In a study using both Piontxr 10 and 11 magnetometer

data when the two spacecraft were within 1 c’ of radial alignrncnt,  the temporal variations were

removed, leaving the radial dcpcn(icncc  of discontinuity occurrence rates. The occurrence rates

had fall-offs that varied exponentially with distance. IL was conclu(icd  that this was due to a

thickening of the discontinuity as a function of clecreasing field strength. I’o normalize the rate to 1

AU, a factor c@-lj/4 was empirically derivc(i, where r is in units of AU.

Figure 29 is the post-Jupiter Ulysses ciata  as lJlysses  goes from the equatorial plane to -50”

latitude. The panels from the top arc: the solar wind density, the magnetic field magnitude, the

solar wind speed, the number of cliscontinuities  day-l calculated by the Tsurutani-Snlith  (TS)

method, the number calcu]atcd by the I,eppil~g-Bt~lla~~non  (1986) method and the satellite locations

in distance and hcliograpilic  ]atitu(ic.  The important feature to note is that as Ulysses goes into ami
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outof thccomnal  hole high spcccl  streams (incrcasesand  decrcascsin  velocity, rcspcctivcly),  the

number of discontinuitics  day-l also incrcascs  and decreases in phase with [he velocity variations.

This ciiscontinuity rate variability is not simply due to the increase in convection speed (shown in

Tsurutani et al., 1995). As Ulysses rcachcs a high enough latitu(ic so that it is permanently

immersed in the polar coronal hole stream, the rate of ciis(ontinuity  occurrence detcmlined by the

TS method is -150-200 clay-l, aboul  4 to 5 times that in the ecliptic plane at 1 AU. The primary

cause of this relationship is shown in Figure 30. q’his is an interval at large (negative) heliospheric

latimdes whcrv the solar wind speed is a constant -700 km s-l. The field components show a great

deal of fluctuations due to the presence of Alfv6n  waves with A61/l Bl -1 to 2. The waves are

propagating outward from the sun (’rSUrLltaTli  et al., 1994). The high Alfvdnic fluctuation levels  (at

1 AU) in high speed streams was first pointed out by Belcher and Davis (1971). Figure  31 shows

the correlations between the SH components of ~ an(i ~. For this 24 h interval, all three

components arc correlated ancl have peak correlation coefficients at zero lag. This is consistent

with the fluctuations being Al fvhic  and lbe waves propagating radially outward.

Figure  32 is the magnetic held at 5.2 AU, at a latitude of -6.0°, in higher  time resolution. Vertical

lines indicate discontinuities detected by the TS method. From (11c F’igure it can be noted that

discontinuitics  often occur at the edges  of the mom slowly rotating Alfvdn waves. We find that

this relationship is readily apparent in 30-60 % of cases examined.

To determine the detailed relationship between discontinuitics  and Alfv4n waves, wc have

pcrfonned minimum variance analyses on a dozen or so individual cases. Figure 33 illustrates the

results of one case. in the top panel, the B I-B2 hodogram  of the wave plus discontinuity interval

is given. The time interval is 0508 to 0622 UT January 17, 1992. “l’he field components were

shown in Figure  32. In the hodogram,  the field rotates from the far rig,tlt,  to the left and then back

again. This comprises a -360”  rotation in phase.

We use the field minimum variance coordinate system determined from the analysis of the whole

wave pulse discontinuity interval ancl plot the B] -112 field relationships for the wave interval alone

(left) and for the discontinuity interval alone (right). We find that the Alfvdn wave rotates from the

right to the left and then about halfway back, completing a rotation of -270’” in phase. The

discontinuity is the other -90’” of phase rotation. It appears as though the discontinuity is the phase

steepened edge of an Alfv6n  wave, very much like the cometary and foreshock wave stecpcncd

fronts. However, at this time, it is uncertain whether the Alfvfn  waves are stccpencd at their

leading or trailing edges. This is because continuous Alfv6n waves arc present with sporadic

discontinuitics  interspersed.
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Dccausc  them is such a strong s[atisticol rcla(ionship  bctwccn  Alfvh waves and discontinuitics,  it

scc~lls  probable  tl]:~tl~li~lly  clisc(>lltill~litics  (csl>ttci:llly  th[Jsc in coronal l~olclligl~s  pcc(lstrc~~n~s)  arc

of a rotational nature, such as this one. If this assumption is correct, thcm these discontinuities  do

represent true wave power and simple power spcclra  (taken in high speed streams) may accurately

give the inclusive wave power.

Conclusions

We have given sclcctcd examples illustrating the pres~:nt  status of LF nonlinear waves and

turbulence. Nonlinear evolution of cometary, foreshock and inmrplanetary  waves have

demonstrated many fascinating examples, not all of which arc theoretically well understood.

Within these examples, wc do not find obvious cases oj fully dcvc]oped  lurbulcncc, however.

This probably indicates that the plasma has not had enough  time for wave-wave interactions to

dominate the spectra. The only space plasma case where this seems possible is at comet Halley,

where the scale si~cs arc the largest yet encountered (see “1’sumtani  et al., 1995 for discussion) and

perhaps in the downstream foreshock regions.
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Figure  Captions

Figure  1. Two extreme cases of comcttiry ion intmctkm with the solar winci.  In the top panel, the
IMF is parallel to the solar wjnd IIow. In this case, the ions will form a beam flowing at –VSwI

relative to the solar wind plasma. in the bottom panel, the IMF is orhogonal  to the solar wind

flow. The pickup ions will form a ring with velocity VSW relative  to the solar wind plasma.

Figure 2. Four diffcmnt cyclotron rcsowmt wave-particle intcraclions:  two associated with jons

and two with electrons.

Figure 3. A schematic showing the vurious waves and particles ill a planetary foreshock.

Figure 4. An example of 1..F waves in the Jovian foreshock during a Pioneer  ~lyby.

Figure  5. An example of LF waves in the Jovian foreshock during the LJlysses flyby.
Figure 6. Minimum variance analysis hodograms for the leading anti trailing portions of a LF

wave shown in Figure 5.

Figure 7. The magnetic field turbulence near comet Giac(Jbil~i-Zirlll~:r.

Figure  8. The expcctcd  nonlinear magnetosonic  wave development along the ICE trajectory.

Figure 9. The power spectra of the transverse compol]ents  of the magnetic fields for comets

Giacobini-Zinncr, I-lallcy  and (irigg-skje]lcrup.

Figure 10. The G-Z waves at a clistancc of 4.5 x 105 km from the nuclcm. As a reference, the

bow shocldwavc  was detected at a distance -105 km fl om the comet nucleus.

Figure 11.

used.

Figure 12.

Figure 13.

The hodograms for one of the waves in F’igurc 10. hflinimum variance coordinates are

Same as for Figure 11.

An example of a G-Z wave that is both phase-steepened and highly compl<cssive.  This

occurs at a distance of-2.5 x 10S km from the nucleus.

Figure 14. The hoclogram  for the wave event in Figurt> 13. Mos~ (’-270”) of the phase rotation

occurs at the leading edge of the wave.

Figuw 15. Furdler development of G-Z nonlinear waves as ICE approaches the cmmet  nucleus.

This event occurred at a distance of -1.6 x 105 km from the comet. The wave has a sharp

phase rotation front plus small upstream whistlers. The magnetic magnitude compression is

almost a factor of 2.

Figure 16. A fully developed train of nonlinear waves dctectcd at a distance -105 km from the

comet nucleus. Whistler precursors are a common feature at this distance.

Figure 17. An example of a whistler precursor.

Figure 18. The hmlograms  for the Figure 17 event. The whistler packet is plane-polarized and its

amplitude decreases linearly with increasing upstrean  1 distance from the magnctosonic  wave.

F~igurc 19. A more complex magnetosonic  wave that has appearances of splitting in half.
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Figure 20. A BI - J32 hodogram  of the ccntcr  portion of the interval 01 Figure  19. A wave widl

the opposite polarity, right-hand circularly polarized in the spxccratl  t’mmc,  is present. This

may bc the product of a decay instability.

Figure 21. Wave splitting observed from computer simulation rcsu]ts ((hni(ii  and Winskc,  1990).

This is similar to the G-Z results shown in Figure 19.

Figure 22. The ISEE-3 lunar cncountcr/deep tail trajectories. lSliE-3  is sometimes in the

foreshock region downstream of the Earth. Possible wave-wave interactions might bc present

in this region of space, where the wave temporitl evolution has been considerably greater.

Figure 23. Turbulence-like magnetic fields detected within  the Earth’s downstream foreshock

region.

Figure 24. A coherency analysis of the interval between the dashed  vcr(ical  lines of Figure 23.

Figure 25. A right-han(i  circularly polarized wave imme(iiately  followc(i  by a left-hand circularly

polarized wave.

Figure 26. A schematic of an idcalize~i tangential discontinuity (icft-si(ic) and a rotational

discontinuity (ri,ght-side).

Figure 27. An example of an ideal rotational discontinuity (observc(i  with the Pioneer 10

magnetometer). Such (iiscontinuitim  with essentially no magnetic t’ic]d magnitude change  arc

relatively rare.

Figure 28. The Ill - 13z hodogram for the RD in l;igurc  27 and the Bq compcmcnt  as a function of

time.

Figure 29. The rate of occurrence of discontinuities as a function of solar win(i streams (and

heliographic latitude).

Figure 30. The relative comstancy of discontinuity occurrence when Ulysses is within a polar

coronal bole high spcccl  s[ream. The rate of occumcncc  is about 4 to 5 times that in the ecliptic

plane at 1 ALJ.
Figure  31. The correlation between  the intcrplanc.tary  ~sw and l; for day 251, 1993. The peak

correlation cocfllcicnt occurmmcc at zero lag indicates that the fluctuations arc consistent with

Alfvc%  waves propagating outward from the sun.

Figure 32. lntcrpltinctary  discontinuities  (vertical lines) and Alfvdn  waves.

Figure 33. The phase rcla(ionship  between the Alivdn wave and trailing (discontinuity.

Table Captions

Table  1. Jump conditions across four different types of discontinuitics.
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Reply to Rcfcrcc  No. 1

We thank (11C rcfcrcc for his corcful  reuding  of lIw typescript and his hclpfu] comments. Wc have

addressed all of them in this wviscd version. We apologize for the previous lack of an abstroct  and

iigurc  captions. Wc were in a rush to make the deadline aIld forgot these impor~ant  items.

page 2, line 3-5” corrected.

page 2, line 11: Corrected.

page 6: Deleted.

page 7: This has been revised to state that “off axis propagation leads to. . . . . ...’”

page 9: l’his has been corrected. In the scntcncc that you mention, wc have changed the word
“of” to “towards”.  we bclicvc  the spectra is in a state of evolution towards turbulence. But it is

certainly not there.  Thank you.
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Reply to Referee 2.

Wc thank the rcfcrcc for his helpful  comments, WC apologize for the haste in which tbc paper was

written. The typos have bcc]l cocrccted  and those areas which were unclear have been revised.

1. An abstract is now includccl.

2. Figure captions arc now includccl. ]n Figuw 9, cacll of the three panels corresponds to onc

comc(. This is indicated in the panels.

WC have tric(i  to better (iclinc  the coordina[c systems and the cigcn values.

3. COITCCMI.

4. Corrccled.

5. Corrcctcd.
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